Introduction
Large studies of granulocyte transfusions in the era of granulocyte colony-stimulating factor (G-CSF) use [1] [2] [3] [4] [5] [6] have generally focused on neutropenic patients with acute leukemia and/or on patients undergoing hematopoietic stem cell transplantation (HSCT). Infections, especially those caused by invasive fungi, are a major cause of death in patients with severe aplastic anemia (SAA). 7, 8 Despite the introduction of new antifungal agents in the last few years, the response rate in a landmark trial comparing voriconazole and liposomal amphotericin was only about 30% for both arms. 9 The purpose of this study was to analyze our experience with G-CSF and dexamethasone-mobilized granulocyte transfusions in patients with SAA.
Design and Methods

Selection of patients
Patients who had SAA and fulfilled various entry criteria were enrolled into four different treatment protocols from 1997 to 2007 at the Warren Grant Magnuson Clinical Center and the Mark O. Hatfield Clinical Research Center at the National Institutes of Health in Bethesda (MD, USA). SAA was diagnosed on the basis of a bone marrow cellularity of less than 30% and severe pancytopenia with at least two of the following peripheral blood count criteria: (i) absolute neutrophil count (ANC) less than 0.5×10 9 /L; (ii) absolute reticulocyte count less than 60×10 9 /L; and (iii) platelet count less than 20×10 9 /L. During this period the following regimens were studied: horse anti-thymocyte globulin)/cyclosporine; cyclophosphamide/cyclosporine; horse anti-thymocyte globulin/cyclosporine/mycophenolate mofetil; rabbit anti-thymocyte globulin/cyclosporine; and alemtuzumab. [10] [11] [12] Serum sickness prophylaxis with oral prednisone 1 mg/kg/day was given prior to the first dose of anti-thymocyte globulin, continued for 10 days, and then tapered off over the subsequent 7 days. All patients received pentamidine prophylaxis for Pneumocystis pneumonia; valacyclovir was given for Herpes simplex virus prophylaxis in alemtuzumab recipients. Neutropenic fever was treated initially with broad-spectrum antibiotics, followed by empiric amphotericin therapy within 24-48 h if fever persisted. Five patients underwent upfront HSCT because they had relapsed after SAA therapy several years previously. All adult patients and legal guardians of children (< 18 years of age) signed informed consent approved by the Institutional Review Board of the National Heart, Lung, and Blood Institute.
Patients were eligible to receive a granulocyte transfusion if they had the following: (i) proven or probable invasive fungal disease according to the European Organization for Research and Treatment of Cancer criteria, 13 or (ii) a bacterial infection which, in the experience of our center, was associated with greater than 90% mortality, and (iii) an ANC of less than 0.2×10 9 /L, and (iv) no response to appropriate antibiotic or antifungal therapy for 24-48 h.
Screening for alloimmunization to human leukocyte antigens
All patients were screened for the presence of antibodies to human leukocyte antigens (HLA) prior to beginning granulocyte therapy. The methods used for detecting these antibodies included a microlymphocytotoxicity assay, a flow cytometric panel reactive assay (flow-PRA ® ; OneLambda, Canoga Park, CA, USA), and an enzyme-linked immunosorbent assay (ELISA Lambda Antigen Tray; OneLambda, Canoga Park, CA, USA). An attempt was made to find (partially) HLA-matched granulocyte donors for patients who were alloimmunized. Subsequent testing for HLA antibody was performed only if there was a suspicion of de novo alloimmunization.
Donor selection and granulocytapheresis:
After giving appropriate informed consent, volunteer apheresis donors received a single subcutaneous injection of filgrastim (Amgen, Thousand Oaks, CA, USA) 12-18 h prior to leukapheresis, and 8 mg of dexamethasone orally 12 h prior to leukapheresis. The dose of G-CSF was 5 µg/kg until July 2005, and 480 µg as a standard dose thereafter. Early in our series of granulocytapheresis, a few donors chose to receive either dexamethasone or G-CSF only; however, more than 95% of our granulocyte donors received both G-CSF and dexamethasone. Cytomegalovirus serostatus was not a selection criterion. ABO compatibility was preferred but not required. Less than 5% of donors were family members, generally HLA-matched siblings who had already donated peripheral blood CD34 + cells for HSCT. Granulocyte concentrates were collected with a blood cell separator (CS3000 Plus, Fenwal, Deerfield, IL, USA) processing seven liters of whole blood with trisodium citrate anticoagulant (Citra Anticoagulants, Braintree, MA, USA) and 6% hetastarch (Hespan, Braun Medical, Irvine, CA, USA).
Granulocyte concentrate processing and transfusion
Granulocyte concentrates were sedimented by gravity following collection if they were not ABO-compatible with the recipient. All granulocyte concentrates were irradiated, and transfused within 8-10 h of collection. Patients received pre-medication with antipyretics. Amphotericin therapy was avoided for 4-6 h before and 4-6 h after granulocyte transfusion. Once a course of granulocyte therapy had been initiated, the goal was to provide granulocyte concentrates daily or on alternate days.
Outcome measures
Survival to hospital discharge was the primary outcome of this study. Secondary outcomes included responses at 7 and 30 days after the initiation of granulocyte therapy, and post-transfusion ANC, stratified by HLA alloimmunization status. Accurate post-transfusion white blood cell (WBC) increments were reliably obtained for the first 10 patients; this information was calculated from a complete blood count immediately prior to the granulocyte transfusion, and a repeat count 1-4 h after the transfusion. Complete blood counts were performed in all patients 5-8 h post-transfusion, given that the granulocyte transfusions occurred in the late evening, and were followed by morning complete blood counts.
Response was categorized 7 and 30 days after starting the granulocyte transfusions by taking into account microbiological data (resolution of bacteremia), radiographic criteria (decrease in infiltrates or nodule size), and clinical criteria. The clinical criteria included defervescence or a temperature decrease of 1.5-2°C, hemodynamic stabilization, and improvement in symptoms such as dyspnea. A complete response was defined as improvement in all three criteria (microbiological, radiographic and clinical); a partial response was defined as improvement in one or two criteria; stable disease was defined as no improvement; progressive disease signified clinical deterioration or a breakthrough infection. ANC data over the course of granulocyte therapy were plotted using an "area under the curve" (AUC) approximation (by the linear trapezoidal method) in an effort to quantify the degree of "neutrophil protection" provided by granulocyte therapy. For instance, a patient who received granulocyte transfusions on two consecutive days would be expected to have a higher AUC than the same patient receiving granulocyte transfusions 3 days apart over a weekend.
Statistical analysis
Data were recorded and analyzed with a spreadsheet application (Microsoft Excel, Seattle, WA, USA), including the formula for ANC AUC analysis. Pearson's correlation coefficient was calculated for the correlation analysis. Univariate analysis was conducted for the following factors potentially influencing survival: age, period of treatment (1997-2002 versus 2003-2007) , number of granulocyte transfusions, presence of HLA alloimmunization prior to initiation of granulocyte therapy, presence of invasive fungal infection, site of infection (central nervous system or lung involvement versus no central nervous system/lung involvement). Logistic regression was performed using S-Plus (Insightful, Palo Alto, CA, USA).
Results
Thirty-two patients with SAA received granulocyte therapy during the 11-year period of the study. The patients' characteristics are shown in Table 1 . Their median age was 38 years (range, 7-67 years). Two-thirds (21/32) of the patients had received a horse anti-thymocyte globulin/cyclosporine-based regimen as therapy for SAA. The median time from diagnosis to entry into the study was 3 months (range, 1 month to 7 years). Threequarters (23/32) of the patients had not received prior immunosuppressive therapy. One-quarter (8/32) of the patients had a poor performance status (Zubrod 3 or 4, in bed for 50% or more of the time); of these, four were receiving mechanical ventilation prior to the initiation of granulocyte therapy.
Twenty-eight percent (9/32) of patients had demonstrable HLA alloimmunization prior to the initiation of granulocyte therapy. The median number of granulocyte components transfused was nine (range, 2-43). All but seven of the 379 granulocyte concentrates transfused had been obtained following mobilization with G-CSF/dexamethasone or G-CSF. Six percent (22/379) of the components were split doses, generally between two pediatric recipients. The mean granulocyte dose transfused was 6.8 ± 2.3×10 10 cells. The median interval between the initiation of SAA therapy and the initiation of granulocyte therapy was 21 days (range up to 111 days; five patients began receiving granulocyte transfusions from 2 to 32 days prior to immunosuppressive therapy).
The types of infections are shown in Table 2 . Some infections were polymicrobial, involving more than one Figure 1A shows the relationship between the ANC increment and the granulocyte dose transfused for the first five non-alloimmunized patients for whom accurate pre-transfusion ANC were available. Figure 1B shows the ANC over time for one patient who developed de novo HLA alloimmunization during the course of granulocyte therapy. The mean post-transfusion ANC for the entire series of 374 transfusion episodes, was 1.433×10 9 /L . The patients' outcomes on day 7 and day 30 are shown in Table 3a . For response classification, one patient had three distinct neutropenic infectious episodes over 5 months which were counted separately, and one patient who received only two granulocyte transfusions was excluded from analysis, yielding a total of 33 patient-episodes for analysis. The overall survival to hospital discharge was 58% (19/33). For the subset of 18 patients who had invasive fungal infections, the overall survival to hospital discharge was 44% (8/18) . Survival appeared to be strongly correlated with hematopoietic recovery: of the 14 patients who recovered hematopoiesis, 13 (93%) survived; of the 18 patients who did not, 4 (22%) survived. Of note, seven patients received granulocyte therapy as a bridge between failed immunosuppressive therapy and HSCT; four of these patients survived to discharge, including two who had invasive fungal infection prior to HSCT. None of the patients who had a poor performance status at the time of initiating granulocytes therapy survived. Logistic regression analysis of other variables that could affect survival did not show any statistical significance, although the trends were as expected: for instance, fungal infection and treatment before 2002 were negative determinants for survival, and site of involvement other than lung or central nervous system was a positive determinant for survival (Table 3b) .
We explored the possibility of a dose-response effect by looking at the mean post-transfusion ANC versus response, the mean granulocyte dose versus response, and the ANC AUC versus response. There was no statistical difference in the mean post-transfusion ANC among the patients grouped according to response category (ANC of 1.397×10 9 /L in the group with complete response versus 2.081×10 9 /L in the group with progressive disease), or in the mean granulocyte dose by response category (9.15×10 8 cells/kg in the complete response group versus 11.41×10 8 cells/kg in the group with progressive disease, and 13.18×10
8 cells/kg in the partial response group). There was also no statistical difference in the ANC AUC among the different response groups (data not shown). The interval between granulocyte transfusions partially determined the dose-intensity of granulocyte therapy; it was not significantly different between response groups (1.59 days in the group with progressive disease, compared to 1.89 days in the group with complete response and 1.76 days in the group with partial response).
Thirteen patients had positive tests for HLA antibody at some point during granulocyte therapy. An attempt was made to provide at least partially-HLA matched granulocytes for the nine patients known to be alloimmunized prior to the initiation of granulocyte transfusions; two of these patients received granulocytes from HLA-matched siblings. The mean post-transfusion ANC among the remaining seven alloimmunized patients was 1.52×10 9 /L. Of the patients who were not alloimmunized at baseline, 4/23 (17%) developed HLA antibodies after the initiation of granulocyte therapy; one of these patients experienced pulmonary symptoms as a reaction to granulocyte transfusion, prompting repeat HLA antibody testing. In the 19 non-alloimmunized patients, the mean post-transfusion ANC was 1.456×10 9 /L, which was not significantly different from the mean post-transfusion ANC in the alloimmunized group.
The effect of HLA alloimmunization or splenomegaly on the WBC increment for the first ten patients in our series, for whom accurate pre-and post-transfusion WBC counts were available, is shown in Figure 2 . Among these ten patients, those who did not have splenomegaly or HLA alloimmunization had significantly higher WBC increments than those who had either. WBC increments were used in this analysis because the WBC differential (for ANC) was not typically repeated within a 8-hour period.
Early in the study we observed five cases of acute lung injury (defined as decreased oxygen saturation associated with radiographically detected pulmonary infiltrates) temporally related to granulocyte transfusion; all of these patients were receiving amphotericin-based therapy for fungal infections involving the lungs (n=2), sinuses (n=2) and skin (n=1). One reaction was attributable to evolving HLA alloimmunization. The other reactions were attributable to fluid overload. Of note, there was no pulmonary reaction to granulocyte transfusions in the latter 7 years of the study period. There were no other severe adverse events associated with granulocyte transfusions.
Discussion
This report details the largest clinical experience to date of granulocyte therapy as part of a multimodality approach to neutropenic infections in patients with SAA. More than half of our patients had invasive fungal infections (with or without concurrent bacterial infections); 44% of these patients survived to hospital discharge.
Invasive fungal infections, particularly those caused by Aspergillus species, have long been recognized as a major cause of death in SAA. In a series from our institution, in which all infections in 103 patients with aplastic anemia seen between 1978 and 1989 were examined, all 14 patients with aspergillosis died despite amphotericin B therapy and selected adjuvant surgical resection; all ten patients with systemic Candida infections also eventually died.
14 In a more recent series of 42 patients with aplastic anemia followed between 1994 and 2000, 7 despite the use of fluconazole prophylaxis, invasive fungal infections (yeasts and molds) accounted for 36% of neutropenic infections, and five of these nine episodes were fatal. The role of prophylactic antifungal therapy in patients expected to have prolonged neutropenia is controversial.
Before the introduction of G-CSF, granulocyte collections from normal donors (typical dose of 4×10 9 cells if hetastarch or corticosteroids were not used) produced inadequate cell doses except for neonates. 15 A metaanalysis exploring the efficacy of granulocyte transfusions in the pre-G-CSF era confirmed the importance of cell dose. 16 When granulocyte donors are stimulated with G-CSF with or without corticosteroids, granulocyte doses of 4-7×10 10 are achievable. The majority of donors experience transient bone pain and myalgias; long-term follow-up of our granulocyte donors has not shown any adverse outcomes. 17 Recent studies of therapeutic granulocyte transfusions for neutropenic infections in patients with leukemia and/or undergoing HSCT have shown survival rates of 31-81%; in patients with invasive fungal infections, the survival rates range from 20-80%. These studies, summarized in Table 4 , [1] [2] [3] [4] [5] [6] [18] [19] [20] [21] [22] [23] [24] [25] vary in the definition of invasive fungal infections, the timing of initiating granulocyte therapy, the cell dose of granulocytes transfused, and the number of granulocyte doses given. One study was randomized, but only 60% of patients were actually neutropenic prior to receiving granulocytes, and 44% of patients randomized to the granulocyte arm received only one or two transfusions before neutrophil recovery. 23 Our study is unique in that all patients had SAA, a condition in which the response to immunosuppressive therapy can take up to 6 months to develop, leading to a neutropenic period that is typically longer than that seen after leukemia induction chemotherapy and HSCT. Fever in these severely neutropenic patients is aggressively managed with early use of broad-spectrum antibiotics and antifungal therapy. Granulocyte therapy is considered judiciously, but relatively early in the care of the patient rather than as a "last-ditch" or futile effort. 2 Our response categorization correlated very well with survival to discharge, for all patients and for the subset of patients with fungal infections. This does not necessarily imply a cause-and-effect relationship between granulocyte transfusion and discharge, since "response" could have occurred with antimicrobials alone if given enough time. The strong correlation between survival to hospital discharge and hematopoietic recovery supports the role of granulocyte transfusion as a bridge to ANC recovery or HSCT. Absence of a dose response suggests a threshold phenomenon: we speculate that as long as the post-transfusion ANC exceeds a certain cutoff (such as 1×10 9 /L), there is no correlation between post-transfusion ANC and clinical response. The interval between transfusions as a measure of dose intensity was similarly not significantly different among response groups; the mean interval was 1.7 days. This suggests that granulocyte therapy every other day may be as effective as daily granulocyte transfusions, which are logistically much more difficult to provide. Concurrent corticosteroid administration can potentially impair neutrophil function, but most of our patients had completed serum sickness prophylaxis by the time of initiating granulocyte therapy; in vitro, G-CSF can prevent corticosteroid-induced suppression of neutrophilic antihyphal function. 26 Pre-existing alloimmunization did not preclude adequate post-transfusion ANC and did not cause severe pulmonary or other reactions, unlike the experience with granulocyte transfusion in chronic granulomatous disease. 27 We had accurate pre-transfusion complete blood counts for only the first ten patients in the series: in this subset, the WBC increment was significantly lower for the patients with HLA antibodies than for those without. We achieved partial HLA matching within cross-reactive groups (CREG) or minimized triplet mismatches by HLA-Matchmaker 28 for approximately half the granulocyte transfusions given to alloimmunized patients, perhaps accounting for the good post-transfusion ANC in this group of patients. In an earlier study 2 using unrelated volunteer granulocyte donors, HLA alloimmunized patients did not have lower ANC increments or increased transfusion reactions. Another study demonstrated lower ANC increments in patients who were alloimmunized: in that study, 29 each patient received four granulocyte concentrates from the same related donor (first-degree relative), prophylactically following HSCT with components that were all cross-match compatible by lymphocytotoxicity and leukoagglutination assays. There was no difference in ANC increments between alloimmunized and non-alloimmunized patients for the first two granulocyte transfusions; the difference became significant only with the third and fourth transfusions. The generalizability of these results is not clear.
De novo alloimmunization was associated with pulmonary toxicity in one of five of our patients; much more commonly, acute lung injury was attributable to fluid overload. Meticulous fluid management is crucial since these critically ill patients typically receive hydration because of the use of amphotericin (or derivatives) and antibiotics, fluid boluses for hypotension, multiple blood products and hyperalimentation. Our observed incidence of pulmonary toxicity was 16% (5/32), in keeping with the incidence reported in the literature (Table 4) ; of note, no pulmonary reaction has occurred in the latter 7 years of the study, reflecting the improved experience with fluid management in critically ill patients undergoing granulocyte therapy.
There are several limitations of this study. First, it is a retrospective, single institution, observational study. Our numbers were too small for us to generate a multivariate logistic regression model of factors that influence survival. Second, the study is limited to SAA patients; these results may not, therefore, be extendable to leukemia patients or HSCT recipients who routinely receive intensive cytotoxic chemotherapy. A large multicenter randomized controlled trial is underway to study the incremental benefits of granulocyte transfusion in infections post-HSCT. Finally, the availability of newer antibiotics and antifungal agents or cytokine regimens to treat neutropenic infections 30 may deter the use of G-CSF and dexamethasone to stimulate normal donors, which can only be performed under the auspices of a clinical research protocol. Until a prospective randomized controlled trial is conducted, use of granulocyte transfusions in SAA patients will continue to be dictated by local institutional practice and clinical assessment of the patient.
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